A new type of chemical analysis system with a micromachined chemical reaction device is presented as a first step towards achieving micro-total analysis systems ( b -TAS). Two micro-mixers and a an absorptiometric flowcell were integrated into the one-chip device with dimensions of 24 mm x 10 mm x 2 mm. This device provided high sensitivity and allowed the miniaturization of other elements such as pump, battery, and reagent's bottle. Consequently, the whole size of the analysis system with the micro-device was 203 mm x 86 mm x 76 mm, which was about U200 of the size of commercial systems (Hitachi FIA system) at volume ratio. Total consumption of reagents for one test was around 2pL, which was U250 smaller than that of the commercial one. The correlation result by using a phosphate standard solution showed good linearity and high sensitivity (0.69 Abs/ppm) which was ten times larger than that of the commercial one. Though micro-machining was applied to a limited part ; the mixindreaction and detection part, it well demonstrated the advantages of y-TAS ; namely, good portability with good analytical performance.
INTRODUCTION
The tightening environmental regulations and the increased need for preventive diagnosis that are expected in the forthcoming aging society have resulted in a rapidly increasing need for easy access to advanced chemical analysis. Researches are active on sensors for directly identifying and quantifying chemical substances. Recently, micro-systems for chemical analysis, i.e., w -TAS (micro total analysis systems), have begun to attract attention as a new approach toward this goal [l] , [2] . b -TAS are automatic chemical analyzers configured by integrating miniature fluidic elements and are deemed to be one of the most promising next generation sensors for detecting chemical substances because they are not only easy to handle like sensors but are also capable of stable analysis utilizing techniques in analytic chemistry. The outcomes of past research on b-TAS have included compact flow injection analyzers [3] , [4] which are a combination of mixing reaction channels and micro pumps and miniature analysis systems utilizing electroosmosis and electrophoresis [5] . However, research has not been extended to any system which includes a power source, sample container and detector as integral parts. This has not allowed the usefulness of W-TAS to be proven in comparison to the current large automatic analyzers. Under such circumstances, the authors prototyped a compact chemical analyzer which was a combination of a mixing reaction portion and an absorptiometric flowcell which served as the heart of the analyzer and was fabricated by means of micromachining, a power source, a pump and an optical system provided around them. The purpose was to see whether the two advantages expected for a b -TAS, i.e., (1) compactness and lightness and (2) analytical performance similar to that of large automatic analyzers, could be provided simultaneously. Figure 1 shows the components of a chemical analyzer based on absorbance analysis, the flow of processes performed therein, and problems with each of the components which need to be addressed in achieving compactness. It should be apparent from the relationship between these technical problems that the key to making each component compact is to improve the performance of the mixedreactor. Specifically, a mixer that allows mixing and reaction at high speed and efficiency should eliminate the need for a long channel for mixing, reaction and transportation as in an FIA allowing a reduction in pressure loss. The reduction in pressure loss allows the pump to be simpler and smaller. A simpler pump reduces power consumption and helps reduce the size of the battery. Also, if the fluid to be subjected to mixing and reaction is minimized, the amount of the reagent is also reduced allowing the reagent container to be smaller. The reduction in the amount of fluid subjected to mixing and reaction also facilitates heating, and this reduces 0-7803-3744-1/97/$5.00 0 1997 IEEEpower consumption and helps reduce the size of the battery. Taking this into consideration, the authors focused on the performance of the mixerheactor as the first problem to be addressed in providing a more compact apparatus.
PROBLEMS ARISING DUE TO INDIVIDUAL ANALYSIS SYSTEMS COMPONENTS IN MINIATURIZING FLOW-TYPE
Next, an examination is made on technical problems to be addressed to achieve analytical performance similar to that of large automatic analyzers which is another feature of a , U -TAS. It will be first examined how the selective performance, sensitivity and reproducibility are affected by the improvement on the performance of the mixedreactor and reduction in the size of the apparatus as described above. Referring first to selective performance, it is considered that a high identification ability will essentially be maintained regardless of the size of the apparatus because the same techniques in analytic chemistry as in large chemical analyzers are employed. Reproducibility is cumulative operational reproducibility of each of the components shown in Fig. 1 and is not necessarily dependent on the size of the apparatus. Therefore, this is a problem to be examined on each component. Meanwhile, since the volume of a sample to be measured decreases as the reaction fluid is reduced, sensitivity is considered to be reduced especially in an analyzer based on the analysis of absorbance. The flow components running from the mixer/reactor to the absorbance cell in Fig. 1 is a part that affects sensitivity. It is therefore necessary to improve the flow components running from the mixer/reactor to the absorbance cell in order to improve analytical performance especially sensitivity.
EFFECTIVE DESIGN GUIDELINE TO ACHIEVE COMPACTNESS AND HIGHER SENSITIVITY
Integration of a micro mixer and an absorbance cell Figure 2 shows the principle behind the silicon micro mixer for mixing a very small amount of fluid at a high speed. The configuration has microscopic nozzles in high concentration on the bottom of wide shallow channel formed on a silicon substrate. A reagent is ejected through the nozzles into the sample liquid to be mixed. This allows a very small amount of fluid to be mixed at a high speed because molecular diffusion rapidly proceeds in the microscopic region [6] . This micro mixer is used in a flow type analyzer. First, simple modeling is carSilicon pl / A ate a Reagent ried out to predict how sensitivity is reduced on an assumption that the micro mixer is simply disposed upstream of the absorbance cell and a fluid which has been subjected to the mixing and reaction at the micro mixer is transported downstream the cell. Next, an effective design guideline to achieve higher sensitivity is obtained from the result of such modeling.
Reduction in Sensitivity due to minimizing the reaction fluid and dispersion in the direction of flow
Variations in the concentration of a fluid being transported downstream into the micro mixer through a part of a small channel after mixing and reaction can roughly be estimated using the following formula. The sample has concentration CO, volume VO, and is injected into a part of a small pipeline [7] in the form of pulses. This is where c(z, t) represents the concentration of the sample at a distance z from its initial position at a point in time t, and E represents a dispersion coefficient in the direction of the pipeline which is expressed by the following equation. This is where D represents the molecular diffusion coefficient of the sample against the fluid in the pipeline; R represents the radius of the pipeline; and vo represents the average flow speed. When an absorbance cell having an optical path length L is downstream from the small pipeline, the absorption of light by a sample that has flowed into it expressed as follows according to Lambert Beer's law.
L
This is where the absorbance A is defined as follows.
This is where IO represents the intensity of light directed to the absorbance cell; I represents the intensity of light transmitted through it ; E A represents the absorbance index at wavelength h ; 5 represents a coordinate in the cell viewed longitudinally; and c( < ,t) represents concentration at coordinate 5 in the cell at point in time t.
First, an absorbance signal value AO at the injecting position is obtained as follows from Equation 4 .
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The result shown in the lower part shows a situation where volume Vo of the reaction fluid is reduced to such an extent that the absorbance cell cannot be filled This indicates absorbance signal value AO is decreased in proportion to volume VO of the reaction fluid. Consequently it is essential to fill the absorbance cell with the reaction fluid in order to maintain sensitivity. Figure 3 shows variations in absorbance associated with transportation obtained from Equations 1 and 4. The distance z from the sample injecting position to the absorbance cell was used as a parameter which was varied from 50 mm to 550 mm. The values shown along the vertical axis are those normalized by the absorbance signal value at the injecting position (the value in the lower part of Equation 5 ). The horizontal axis shows elapsed time. Since a small pipeline is the basis of this discussion, the diameter of the pipeline and the flow rate were set at 0.4 mm and 10 pL/s, respectively. The result indicates that the absorbance signal is significantly reduced to a value in the order of one-tenth the initial value after downstream transportation by only 50 mm. It has become apparent from the above that, in order to prevent a reduction in sensitivity, it is important to suppress the reduction in concentration caused by transportation by placing the micro mixer and the absorbance cell as close as possible to each other and to fill the absorbance cell with a reaction fluid having a concentration close to the initial value. Approach was then used in which the absorbance cell was filled with a reaction fluid having a concentration completely identical to the initial value in order to prevent a reduction in sensitivity and to improve sensitivity further. As a result, as shown in Fig. 4 , a mixingheaction system was able to be proposed in which the sample liquid and 
Integrated absorptiometric micro-flowcell
In accordance with the above-described design guideline, a device was fabricated in which a micro mixer and an absorbance cell were integrated (afterwards referred to as "integrated absorptiometric micro-flowcell"). Figure 5 shows the configuration and specifications for this device, and Fig. 6 shows an integrated absorptiometric microflowcell formed on a silicon substrate. The dimensions of this device are 24 mm x 10 mm x 2 mm. The length of the channel between the mixer and absorbance cell has been reduced to only 5 mm. Light is introduced into and emitted from the channel through walls (which have an inclination of 54.7 relative to the horizontal) in front of and behind the absorbance cell. However, since the 
The optical path length is 20 mm. A film-shaped heater is bonded to the bottom of the device to heat the reaction fluid. Since there is almost no channel between the mixer and the absorbance cell, the required amount of reaction fluid solution is only about 10 pL, which means that a considerable reduction has been achieved.
Pump Reagents (total)
Configuration and operation method of the prototype Flowrate @Lis) (measured) 0.41 0.1 (4 measurements) Figure 7 shows the configuration of the prototype, and Fig. 8 shows the prototype as a whole. A rechargeable battery for handy cameras was used as a power source on Fig. 8 Photograph of constructed system the rear side of the device. As a pump fo; the sample liquid and reagent, the peristaltic one in Fig. 7 was considered in which suction and discharge is performed by stroking a tube. This pump has a configuration whereby a roller is applied to a part of the tube extending on a plate and the plate is moved back and forth by motor allowing the fluid to be sucked into tube or discharged from it. It is easy to store and maintain because of its compactness and it has excellent chemical-resisting properties because silicon tubes have been used. A tube having an inner diameter of 1.5 mm and a length of 50 mm was used to absorb and discharge the sample liquid. A tube having an inner diameter of 0.79 mm and a length of 50 mm is used to discharge the reagent. The maximum amounts of discharge from the reagent tube and the sample liquid tube are about 20 pL and 60 pL, respectively. The flow rate is adjusted by varying the rotational speed of the drive motor. The mechanism of an optical system for measuring a color developing reaction at the absorbance cell is shown in Fig. 7 , in which a semiconductor laser (680 nm) was used for illumination; an optical fiber was used for picking up transmitted light; and a photodiode was used to measure the light volume. In order to pack these optical elements compactly and facilitate adjustment of the optical path, prisms were disposed the position on the absorbance cell where the illumination light enters and the exit for transmitted light. The laser light is passed in parallel The operation of this device proceeds as follows. First, the sample liquid pump operates to absorb the sample liquid through the micro device for chemical analysis to a position just before the inlet of the sample liquid pump (about 60 pL is absorbed). The absorbed sample liquid is then returned to the channel in the chemical reaction device. At the same time, the reagent pump starts discharging, and the reagent is injected into the flow of the sample liquid in the position of the mixer. The pump stops when about 20 pL of sample liquid has been returned and the reagent has been injected into the sample liquid by 1 p L each. The absorbance cell is now filled with the mixed fluid and this starts a gradual color developing reaction. The degree of color development is monitored by the laser optical system.
BASIC PERFORMANCE
Basic evaluation
The fluid characteristics of the prototype were first examined and, phosphoric acid was then selected for measurement to evaluate analytical performance. This included the effect of enhanced sensitivity provided by the integrated absorptiometric micro-flowcell. The molybdenum blue method defined in the Japanese official method of analysis was used to analyze the phosphoric acid [8] . Ammonium molybdate (first reagent) was added to phosphoric acid ions to produce phosphomolibdic acid which is in turn added to a solution of ascorbic acid (second reagent) for reduction, and the concentration of resultant molybdenum blue was measured using the absorptiometric method (near 690 nm). The reagents were prepared in accordance with the official method of analysis.
Table. 1 Pumo flowrate
Flow Rate, consumption of reagent and pressure Loss The flow rates for the sample liquid pump and the reagent pump during automatic operation were measured. The
Fig. 7 with integrated absorptiometric flowcell
Structure of flow-type chemical analysis system flow rates were obtained in terms of the speed of movement at the edge of the fluid moving in a thin tube (having for an inner diameter of 0.49 mm). Table 1 shows the result of measurement for the flow rate of each pump. The flow rate for the reagent pump was preferable because it had little variation while the sample liquid pump had variations of several percent during each cycle of operation. This is considered attributable to deformation of the tube for the sample liquid, fluctuation of the torque of the drive motor and the like. This can be a cause of a reduction in reproducibility during measurement which is a problem to be solved in the future. The consumption of reagents can be estimated from the flow rate. Since the operating time for the reagent pump during automatic measurement was about three seconds, the total amount of first and second reagents consumed during one test cycle was about 1.2 pL. Even the estimated amount of 2 included some allowances represented a reduction by a factor of about 250 compared to about 500 pL which was the amount of reagent consumed during the analysis of phosphoric acid using existing FIA. This reduction in the amount of reagent allowed 20 or more test cycles to be carried out, by charging the reagent pump with reagents (about 20 pL) once. We next examined the reduction in pressure loss as a result of the reduction in channel length. Experiments were conducted to measure the pressure differences between the ends of the pumps and the exit for an extraction nozzle (sections between 1 and 3 and between 2 and 3 in Fig. 7 ) when water was supplied outside of the system at a predetermined flow rate. Fig. 8 shows the results. From this graph, the pressure loss at a normal flow rate selected from Table 1 was calculated to be 0.1 E a or less for the reagents and only about 2 kF' a for the sample liquid. These values are in the order of U100 of the pressure of several hundred kPa which current FIA requires to deliver fluids. Such a reduction in pressure loss is deemed to have dramatically increased the possibility of using alternate pumps such as the peristaltic pump used in this prototype. Fig. 9 shows changes in the absorbance signal over time during measurement of a sample liquid having phosphoric acid densities of 0 ppm (reagent blank fluid), 0.6 ppm and 1 ppm. The vertical axis has been corrected so that the absorbance value at 0 ppm becomes zero. The initial abrupt change in the signal is a change in the signal that occurs when segmentation air passes therethrough, the next change is a change in the signal that occurs when an unreacted mixture of the sample liquid and reagent passes through the absorbance cell. Thereafter, measurement is made to see a slow color developing reaction that proceeds as time passes. The degree of the color development increases with the concentration of the phosphoric acid solution. Thus, the prototype allows sequential observation of chemical changes in the reagent and sample liquid of only a few pL. Thereafter, as the signal value of the absorbance, an average value obtained during two seconds (0.5 sec. intervals) four minutes after the 
Time dependent changes in light absorbance
Evaluation of Sensitivity
We evaluated the sensitivity achieved by the integrated absorptiometric micro-flowcell in which a micro mixer and an absorbance cells were integrated. The sensitivity was established from an analytical curve for standardized fluids. In order to obtain the analytical curve, phosphoric acid standardized fluids having densities of 0 ppm, 0.2 ppm, 0.4 ppm, 0.6 ppm, 0 2 ppm and 1.0 ppm were prepared. When the sample liquid was increased or decreased in concentration, washing was performed twice and dummy measurement was performed once which also served as washing. Thereafter, two cycles of measurement were performed continuously to obtain absorbance signals. An average signal value was used as absorbance at zero concentration, which was obtained when signal values had stabilized (for two seconds) about 60 seconds after distilled water as a sample liquid was absorbed. (Abs/ppm). Therefore, sensitivity had been improved by a factor of about 10 [9] . An experiment for reproducibility in repeated measurement shows the coefficient of variation was 1.3 % at 1 ppm. Further, the order of the limit for detection was estimated from the result of the measurement of reproducibility at 0 ppm shown in the same figure. The result was 0.015 ppm (which was estimated as three times the standard deviation of the variation value at 0 ppm).
Since the existing FIA's guarantee reproducibility of 0.8 % or less (practically, on the order of 0.3 %) and a lower detection limit of 0.005 ppm, it seems that there is some room for improvement. Table 2 summarizes the above-described evaluation results in comparison to an existing large automatic analyzer (an FIA from HIT.ACH1). The comparison was made from two points of view, i.e., 1) compactness and 2) analytical performance which are characteristic of a U -TAS. The upper column shows features associated with compactness, and the middle column shows comparison of analytical performance. Although only the mixedreactor and absorbtiometric flowcell are made small and integrated by means of micromachining, it is possible to reduce the size of the device as a whole so as to make it portable by encouraging the reduction of the size of other components taking relationship between those components into consideration. Referring to analytical performance, although there is some room for improvement with regard to reproducibility, sensitivity is improved by a factor of ten. This indicates that this device is not essentially inferior to a large analyzer in performance. Further, since the consumption of a reagent can be significantly reduced as shown in the lower column, it is possible to significantly reduce the amount of disposed reaction fluid including harmful components of the reagent.
SUMMARY
